There is an emerging concept that acquired genetic instability in cancer cells can arise from the dysregulation of critical DNA repair pathways due to cell stresses such as inflammation and hypoxia. Here we report that hypoxia specifically down-regulates the expression of RAD51, a key mediator of homologous recombination in mammalian cells. Decreased levels of Rad51 were observed in multiple cancer cell types during hypoxic exposure and were not associated with the cell cycle profile or with expression of hypoxia-inducible factor. Analyses of RAD51 gene promoter activity, as well as mRNA and protein stability, indicate that the hypoxiamediated regulation of this gene occurs via transcriptional repression. Decreased expression of Rad51 was also observed to persist in posthypoxic cells for as long as 48 h following reoxygenation. Correspondingly, we found reduced levels of homologous recombination in both hypoxic and posthypoxic cells, suggesting that the hypoxia-associated reduction in Rad51 expression has functional consequences for DNA repair. In addition, hypoxia-mediated down-regulation of Rad51 was confirmed in vivo via immunofluorescent image analysis of experimental tumors in mice. Based on these findings, we propose a novel mechanism of genetic instability in the tumor microenvironment mediated by hypoxia-induced suppression of the homologous recombination pathway in cancer cells. The aberrant regulation of Rad51 expression may also create heterogeneity in the DNA damage response among cells within tumors, with implications for the response to cancer therapies.
Solid tumors constitute a unique tissue type, characterized by hypoxia, low pH, and nutrient deprivation (45) . Although decreased oxygen tension is potentially toxic to normal human cells, cancer cells acquire genetic and adaptive changes allowing them to survive and proliferate in a hypoxic microenvironment. Intratumoral hypoxia induces profound alterations in numerous physiological processes, including altered glucose metabolism, up-regulated angiogenesis, increased invasive capacity, and dysregulation of apoptotic programs (37) .
From a clinical standpoint, many studies have established hypoxia as an independent and adverse prognostic variable in patients with head and neck, cervical, or soft tissue (sarcoma) tumors (3, 26) . With regard to the extent of hypoxia observed in tumors, it has been proposed that cells within hypoxic regions of solid tumors often derive almost all metabolic energy requirements from up-regulated glycolytic pathways. This phenomenon has been referred to as the Pasteur effect (34) and provides a partial physiologic explanation for the viability of tumor cells exposed to severe hypoxia within the tumor microenvironment. Polarographic needle electrode studies used to measure oxygen tension directly in cancer patients have revealed that a significant proportion of breast carcinomas (up to 40%) contain regions of severely decreased oxygen tension (0 to 2.5 mm Hg, compared to the normal tissue range of 24 to 66 mm Hg) while still supporting viable tumor cells (40) . In addition, hypoxic cells are more resistant to radiotherapy and chemotherapy; this resistance represents a significant challenge in achieving maximal treatment efficacy (32) . Collectively, these studies underscore the importance of elucidating the effects of hypoxia at the molecular level and the mechanisms by which such conditions can lead to a more aggressive phenotype and tumor progression.
Tumor progression has been specifically correlated with genetic instability (27) . Furthermore, it has long been argued that the large number of mutations found in malignant cells cannot be accounted for by the low rate of mutation observed in somatic cells, leading to the suggestion that cancer cells assume a mutator phenotype during tumorigenesis (23) . We and others have proposed that the tumor microenvironment contributes to such genetic instability (31) . Indeed, several studies using both reporter genes and endogenous loci have demonstrated increased mutation rates in cells grown in tumors relative to those in identical cells grown in culture (22, 29, 31 ). Hypoxia appears to be a key microenvironmental factor involved in the development of genetic instability. Studies have suggested that it is associated with increased DNA damage, enhanced mutagenesis, and functional impairment in DNA repair pathways. With regard to DNA damage, hypoxia and subsequent reoxygenation induce DNA strand breaks and oxidative base damage such as 8-oxoguanine and thymine glycols (47) . Exposure of cells in culture to hypoxic conditions yields increased frequencies of point mutations at reporter gene loci (31) . Hypoxia-reoxygenation cycles are also associated with other genetic aberrations, including gene amplification and DNA overreplication, although the mechanism by which they occur has not been fully elucidated (7, 46) . Studies in our laboratory have also established that hypoxia induces functional decreases in the nucleotide excision repair (NER) pathway (48) . Additionally, it has been reported previously that severe hypoxia (0.01% O 2 ) specifically down-regulates the expression of the DNA mismatch repair gene MLH1, contributing to increased mutation rates (25) . Collectively, these phenomena constitute a source of genetic instability induced by hypoxia, thus potentially accelerating the multistep process of tumor progression.
Given the dynamic and complex gene expression changes that have been observed under hypoxia, we have been investigating whether alterations in the expression of other DNA repair genes could also occur in response to hypoxia and thereby play a role in hypoxia-induced genetic instability. In the present study, we utilized transcriptome profiling to identify DNA repair pathways which may be regulated by hypoxia. We report that the expression of RAD51, a critical mediator of homologous recombination (HR) in mammalian cells, is specifically down-regulated by hypoxia at the mRNA level, resulting in marked decreases in the protein expression of this gene. Decreased Rad51 protein expression under hypoxia was observed in numerous cell lines from a wide range of tissues, and importantly, these decreases persisted even during the posthypoxic phase following reoxygenation. This finding is especially relevant to solid tumors that typically experience fluctuating vascular perfusion, resulting in oxygen tensions that vary spatially and temporally. Analyses of protein stability, mRNA stability, and promoter activity indicate that hypoxia regulates this gene via a mechanism involving repression of the RAD51 gene promoter. Rad51 down-regulation also appears to be independent of both the cell cycle and hypoxia-inducible factor (HIF), since no correlations were found between Rad51 expression and either the cell cycle profile or HIF induction. We also detected significantly decreased HR in both hypoxic and posthypoxic cells, indicating that hypoxia-mediated reductions in RAD51 gene expression have functional consequences. Hypoxia-mediated Rad51 down-regulation was also confirmed in vivo within the tumor microenvironment: we observed a consistent inverse association between staining with a hypoxia marker (EF5) and Rad51 protein expression in vivo by use of immunofluorescent image analysis of cervical and prostate cancer xenografts. We propose the existence of a hypoxic and posthypoxic phenotype in solid tumors characterized by decreased expression of critical DNA repair genes, representing a novel mechanism of acquired genetic instability within the tumor microenvironment.
MATERIALS AND METHODS
Cells. MCF-7 (HTB-22), A549, RKO, SW-480, HeLa (CCL-2), ME180, SiHa, PC3, DU145, and A431 cells were obtained from the American Type Culture Collection (Manassas, Va.) and were grown according to supplier instructions and as previously described (4) . 786-0 cell lines were a gift from W. G. Kaelin and were cultured as described previously (24) .
Plasmids and transfections. The HIF-1␣ expression vector pCEP4-HIF-1␣ was a generous gift from G. Semenza and has been described previously (12) . The 5X-HRE luciferase reporter plasmid was a gift from Zhong Yun and has been described previously (35) . Transfections were performed by using the Fugene 6 reagent (Roche Diagnostics Corporation, Indianapolis, Ind.) according to the manufacturer's recommendations.
Hypoxia exposure. Cells were exposed to hypoxia in vitro as described previously (6). Briefly, for 0.2 to 0.5% oxygen experiments, a NAPCO incubator (Precision Scientific, Winchester, Va.) was equipped with a PROOX 710 sensor (BioSpherix, Redfield, N.Y.) to regulate the flow of 100% N 2 at low pressure (Ͻ25 lb/in 2 ) in order to achieve a constant oxygen concentration within the entire incubator for the indicated times. The CO 2 level was maintained at 5% by using a regulated internal CO 2 regulation system. Severe hypoxia (0.01% O 2 ) was established as described previously (31) by using a continuous flow of a humidified mixture of 95% N 2 and 5% CO 2 gas certified to contain less than 10 ppm O 2 (Airgas Northeast, Cheshire, Conn.). Desferrioxamine mesylate (DFX) (Sigma, St. Louis, Mo.) treatment was carried out by supplementation of the culture medium at a concentration of 250 M under normoxic conditions for 24 h.
Transcriptome profiling. Microarray analysis was performed with the GenCompass universal microarray system (Agilix Corporation, New Haven, Conn.). The specific details of this technology have been described recently (33) . The data reference the UniGene database Build 161 (National Center for Biotechnology Information, Bethesda, Md.). Gene regulation was calculated by averaging the ratios of the signal intensities of the tags of each hypoxia-exposed condition to the signal intensities of the tags from the control (normoxic) cells.
Western blot analysis. Radioimmunoprecipitation assay protein lysates were prepared, and Western blot analyses were performed, as described previously (4, 25) . The following antibodies were used for analysis: anti-VHL (clone IG32) and anti-Rad51 (BD Pharmingen, Franklin Lakes, N.J.), anti-tubulin (clone B-512; Sigma), anti-␤-actin (Research Diagnostics, Flanders, N.J.), anti-HIF-1␣ (clone 54; BD Transduction Laboratories, Franklin Lakes, N.J.), and anti-Glut1 (Alpha Diagnostic International, San Antonio, Tex.). Bands were quantified by using NIH Image (version 1.63; National Institutes of Health [NIH], Bethesda, Md.). Protein bands were visualized with horseradish peroxidase-conjugated antimouse or anti-rabbit immunoglobulin G and an enhanced chemiluminescence detection system (Amersham Biosciences, Little Chalfont, Buckinghamshire, England).
Semiquantitative RT-PCR and qPCR analysis. Semiquantitative reverse transcriptase PCR (RT-PCR) analyses were performed using the SuperScript One-
Step RT-PCR kit (Life Technologies, Carlsbad, Calif.). Primer sequences for each gene used in all analyses are listed in the next section. Linear amplification ranges were determined for each gene by using 100-ng samples of normoxic and hypoxic RNA previously analyzed by Northern blotting. RT-PCR amplification was performed according to the manufacturer's recommendations. Additional information regarding the optimized RT-PCR protocol is available upon request. Bands were quantified by using NIH Image (version 1.63) analysis of SYBR Gold (Molecular Probes, Eugene, Oreg.)-or ethidium bromide (Sigma)-stained gels. For quantitative real-time PCRs (qPCRs), primers and probes were designed with Beacon Designer 2.06 (Premier Biosoft International, Palo Alto, Calif.), and analyses were performed using the MX400 Multiplex Quantitative PCR system (Stratagene, La Jolla, Calif.) as previously described (33) . Primers and probes for all analyses are available upon request.
Northern blot analysis. Total RNA was isolated by using the TRIzol RNA isolation system (Life Technologies) followed by phenol-chloroform extraction. Northern blot analyses were performed as described previously (25) . The following primer pairs were used to construct the probes: for RAD51, 5Ј-TGGCC CACAACCCATTTCAC-3Ј (sense) and 5Ј-TCAATGTACATGGCCTTTCCTT CAC-3Ј (antisense); for the vascular endothelial growth factor gene (VEGF), 5Ј-CTTCACTGGATGTATTTGACTGCTGTGG-3Ј (sense) and 5Ј-GCTAGT GACTGTCACCGATCAGGGAG-3Ј (antisense). ␤-Actin primers were obtained from Ambion. Blots were visualized by autoradiography and quantified either by phosphorimager analysis or by use of NIH Image software.
Protein and mRNA stability analyses. Cells were plated in 10-cm-diameter dishes and allowed to attach for 24 h, followed by a 24-h incubation in the presence or absence of DFX (250 m). Cycloheximide (CHX) (10 g/ml; Sigma), as an inhibitor of protein synthesis, or actinomycin D (ActD) (5 g/ml; Sigma), as an inhibitor of transcription, was then added to the cell cultures. Cells were harvested at the indicated times after the addition of inhibitor, and Rad51 protein and mRNA expression levels were determined by Western and Northern blotting, respectively. RAD51 mRNA half-lives were deduced from the regression line based on mRNA degradation plots.
Luciferase reporter gene assays. For luciferase reporter gene analyses, a 1.8-kb fragment from the 5Ј-flanking region of the RAD51 gene was identified by using the UCSC genome browser (University of California-Santa Cruz), isolated by genomic PCR, and subsequently subcloned into the pGL3-basic vector (Promega, Madison, Wis.). Primers are available upon request. The subcloned fragment contains the core promoter region(s) described in the Eukaryotic Promoter Database (30) and that identified by in silico analysis using the Genomatix promoter identification algorithm PromoterInspector (44 (2) . Stained cells were analyzed on a Becton Dickinson FACS-Calibur flow cytometer. Data capture, density plots, and histogram construction were performed by using BD CellQuest Pro software (Becton Dickinson), and cell cycle distribution profiles were determined by using ModFit LT software (Verity House Software, Topsham, Maine).
For FACS experiments, normoxic and hypoxic cells were incubated with 10 g of Hoechst 33342 (Molecular Probes)/ml for 1 h at 37°C in the dark. Verapamil (100 mM; Sigma) was also added to the culture medium to inhibit dye efflux during the incubation. Cells were then trypsinized and resuspended in the culture medium supplemented with 0.1% fetal bovine serum, 10 g of Hoechst 33342 dye/ml, and 100 mM verapamil to further enhance dye uptake. Equal numbers of specific G 1 -and S-phase cell populations were sorted on the basis of DNA content by using a BD FACSvantage flow cytometer fitted with a UV laser, and cells were collected in 0.5 ml of culture medium supplemented with 10% fetal bovine serum. RNA was then extracted from the isolated cells by using a modified TRIzol protocol. This technique has recently been reported to facilitate the recovery of intact mRNA from viable cells in distinct phases of the cell cycle (20) .
HR assay. The shuttle vector plasmid pSupFG1/G144C, containing a supFG1 gene with an inactivating G:C-to-C:G point mutation at position 144, has been described previously (5) . For all shuttle assays, 5 g of pSupFG1/G144C plasmid DNA was mixed with 10 g of a PCR-generated, 1-kb homologous donor fragment containing the wild-type supFG1 gene in 50 mM Tris (pH 6.8). After transfection of the plasmid-donor mixture into cells for the indicated times, plasmid DNA was recovered by using a modified Hirt lysate procedure, as described previously (5). The purified plasmid was then used to transform Escherichia coli SY302 cells by electroporation, followed by growth of the cells on indicator plates for genetic analysis of supFG1 gene function as described previously (5) .
Hypoxia immunostaining within human xenografts. For each cell line, tumor cell suspensions (50 l) containing 5 ϫ 10 5 cells were injected into the gastrocnemius muscle of SCID mice. When a tumor diameter of 4 to 5 mm was reached, the nitroimidazole hypoxic marker EF5 (Ben Venue Laboratories, Bedford, Ohio) was injected (200 l of a 10 mM stock solution) intravenously, and tumors were excised 3 h later, placed in Tissue-TekOCT compound (Sakura Finetek, Torrance, Calif.), and snap-frozen in liquid nitrogen. Immunofluorescence analyses were performed as described previously (42) . Frozen sections were incubated overnight at 4°C with a monoclonal anti-Rad51 antibody (Affinity Bioreagents, Inc., Golden, Colo.) before incubation with a donkey anti-mouse Cy3-conjugated secondary antibody (diluted 1:400; Jackson ImmunoResearch Laboratories, West Grove, Pa.). Tissue-bound EF5 was labeled by using a 1:30 dilution of the monoclonal antibody ELK3-51 (provided by Cameron Koch, University of Pennsylvania, Philadelphia) directly labeled with Cy5. Sections were then imaged by using a cooled charge-coupled device camera (Quantix, Photometrics, Tucson, Ariz.) mounted on an epifluorescence microscope (Olympus, Melville, N.Y.) fitted with a computer-controlled motorized stage (Ludl Electronic Products, Hawthorne, N.Y.).
RESULTS
Transcriptome response to hypoxia. Several reports have been published with the primary goal of assessing gene expression patterns under hypoxic conditions (37) . Most of these studies have focused on induced expression patterns during brief periods of exposure to mild or moderate hypoxia. In this work, we sought to further characterize gene expression patterns under more prolonged exposure to hypoxia (24 h at 0.5% O 2 ) by using a transcriptome profiling-based approach to screen for both known and novel genes which are regulated by hypoxia.
Analysis of hypoxia/normoxia (H/N) expression ratios for approximately 48,000 transcripts (16,000 unique transcripts in three biological replicates) detected in human MCF-7 breast cancer cells by transcriptome profiling revealed that the expression levels of the great majority of genes (ϳ85%) are not altered by a 24-h exposure to hypoxia (0.5% O 2 ) (Fig. 1A) ; at a threshold of Ն2-fold regulation, approximately 5% of the genes detected demonstrated up-regulation, while 10% were down-regulated, by hypoxia. These findings were derived from pooled RNA samples analyzed in triplicate and obtained in two independent hypoxia-normoxia experiments. Interestingly, when the threshold for analysis is increased to a Ն6-fold change, more genes appear to be up-regulated than downregulated by hypoxia (0.3 versus 0.1%, respectively). These results show that specific patterns of both up-and down-regulation occur in response to hypoxia, and they suggest that decreased expression of certain genes may be as important as increased expression in determining the phenotype of hypoxic cells.
As expected, hypoxic exposure led to increased expression of several known HIF target genes (Fig. 1B) , such as glucose transporter 1 (SLCA21, or Glut1) and VEGF (17) . Glycolysisassociated genes previously shown to be up-regulated by hypoxia, such as phosphoglycerate kinase I (PGK1) and aldolase C (ALDOC), were also significantly up-regulated. In addition, several other genes recently reported to be hypoxia inducible, such as DEC1 (BHLHB2) and hypoxia-inducible gene 2 (HIG2), displayed marked elevation, with 9.1-and 9.3-fold changes in H/N ratios, respectively. The H/N fold changes for the genes shown in Fig. 1B were verified by qPCR (data not shown).
Expression of DNA repair genes under hypoxia. Given that a comprehensive analysis of DNA repair gene expression under prolonged hypoxia had not been performed previously, we sought to determine whether there are specific genes in this category that exhibit novel regulation by hypoxia. The microarray detected the expression of more than 50 transcripts from genes that directly play a role in DNA repair, and representative genes from several repair pathways are shown in Fig. 1C . The expression levels of the majority of DNA repair genes detected were not substantially altered by hypoxia, including genes in pathways such as NER and base excision repair, consistent with previous work in our laboratory examining expression patterns of factors in these pathways by Western blot analyses (48) . A more comprehensive list of DNA repair genes from these pathways, including qPCR expression validation for several of these genes, is available upon request. We did detect a moderate decrease in the level of MLH1 expression under hypoxia (1.3-fold [data not shown]). It had been demonstrated previously that MLH1 expression is down-regulated by hypoxia, especially after prolonged periods (Ͼ24 h) of severe hypoxia (Ͻ0.1% O 2 ), and thus the finding that MLH1 mRNA is only slightly decreased at 24 h of moderate hypoxia (0.5% O 2 ) is consistent with previous data (25) .
Intriguingly, we detected substantial decreases in the expression of RAD51 under hypoxia (4.3-fold). This decrease was verified by qPCR and was specific to the RAD51 gene; we did not detect hypoxia-induced decreases in the expression of other HR genes in the RAD52 epistasis group (38) , including RAD51B, RAD54B, RAD52, and RAD50 (data not shown). Consequently, we reasoned that such decreases in a critical HR-associated gene could compromise recombinational repair in cells exposed to hypoxia.
Decreased expression of Rad51 protein in response to hypoxia or the Fe
2؉ chelator DFX. We sought to determine whether the changes observed in the microarray and qPCR experiments were also manifested at the protein level. In order to account for the effects of protein stability, we examined Rad51 protein expression levels not only at the 24-h time point used in the microarray experiments but also after 48 h of hypoxia. As shown in Fig. 2A , Western blot analysis revealed that Rad51 protein levels were substantially decreased after 48 h of hypoxia (approximately threefold) (lane 4), with minimal decreases observed after 24 h of hypoxia (lane 2). The expression of HIF-1␣ and its downstream target Glut1 (which appears as multiple isoforms between 37 and 75 kDa) is shown for comparison, to confirm physiologically relevant levels of hypoxia. In addition, levels of tubulin were unchanged and served as standards to confirm equal loading of cellular protein samples.
As discussed earlier, we had previously reported the specific down-regulation of the MLH1 gene after prolonged exposure to more severe hypoxia. Based on this finding and on the relevance of such conditions to chronically hypoxic regions in tumors, we subjected MCF-7 cells to more severe hypoxia (0.01% O 2 ) for prolonged periods in order to determine whether there might be even greater reductions in Rad51 protein expression. As shown, a 48-h exposure to 0.01% O 2 resulted in a larger decrease (approximately sixfold) in Rad51 protein expression ( Fig. 2A, lane 8) . As expected, decreases were also observed in Mlh1 protein expression, but no reductions were observed in the expression of several other DNA repair proteins, including Msh2 and Msh6 (data not shown). Thus, both moderate hypoxia and severe hypoxia are associated with profound and specific decreases in the expression of the RAD51 gene in MCF-7 cells.
The hypoxic state can be mimicked in cell culture by using the iron chelator DFX, which has been proposed to disrupt normal oxygen-sensing pathways in mammalian cells by inhibiting heme-Fe 2ϩ interactions (43) . As shown in Fig. 2A , a 24-h exposure of MCF-7 cells to DFX also resulted in decreased Rad51 protein expression (lane 10). In addition, HIF-1␣ and Glut1 levels were increased in DFX-treated MCF7 cells, confirming that this chemical treatment mimicked aspects of gasinduced hypoxia. These results show that Rad51 protein expression is reduced not only in truly hypoxic cells but also in cells in which hypoxia is simulated by interference with normal cellular oxygen sensing.
Given that such profound decreases in Rad51 protein ex- Note that Glut1 appears as several isoforms which are detected by our antibody. Tubulin expression is also presented to confirm equal sample loading. (B) Western blot analyses of Rad51 protein expression in A549, HeLa, SW480, and A431 cells after a 48-h exposure to normoxia or hypoxia (0.01% O 2 ). Tubulin expression is presented to confirm equal loading of samples for HeLa and SW480 cells, while ␤-actin was used as a loading control for A549 and A431 cells. (C) Average reduction in Rad51 protein levels after a 48-h exposure to hypoxia (0.01% O 2 ), as determined by densitometry analysis of Western blots generated from duplicate (RKO, A431, SW480, and PC3 cells) or triplicate (MCF-7, A549, and HeLa cells) hypoxia experiments. The tissue of origin for each cell line is shown. Reductions are expressed as H/N ratios normalized to the expression of ␤-actin and tubulin, and standard errors for each ratio are given. (D) To assess Rad51 protein stability, MCF-7 cells were either exposed to DFX (250 M) or left untreated for 24 h, followed by coincubation with CHX (10 g/ml) to block new protein synthesis. (Upper panels) Cells were harvested at the indicated times after addition of CHX, and Rad51 protein expression was determined by Western blotting. Expression of HIF-1␣ is shown to confirm both the induction of chemical hypoxia and successful abolition of new protein synthesis. In addition, tubulin protein levels were unchanged and served as standards to confirm equal loading of cellular protein samples. (Lower panel) Analysis of Rad51 protein expression at each time point after addition of CHX in cells exposed to DFX or left untreated, quantified as described in the legend to panel C. Each data point is the percentage of Rad51 protein remaining (after normalization to tubulin levels) in either DFX-treated or untreated cells at the indicated time. To determine whether the observed decreases in Rad51 protein expression could be accounted for by an increase in protein degradation, MCF-7 cells were either left untreated or exposed to DFX, followed by coincubation with CHX to block new protein synthesis. Cells were then harvested at various times after the addition of CHX, and Rad51 protein expression was determined by Western blotting. As shown in Fig. 2D , while a 24-h DFX exposure resulted in a threefold decrease in Rad51 protein expression (compare lanes 1 and 6), no significant differences in Rad51 protein stability between untreated cells and cells exposed to DFX were observed after the addition of CHX. In contrast, HIF-1␣ expression was substantially increased in the presence of DFX, and HIF-1␣ degraded rapidly after CHX addition, confirming both the induction of chemical hypoxia and successful abolition of new protein synthesis. In addition, levels of tubulin protein were unchanged and served as standards to confirm equal loading of cellular protein samples. These findings suggest that the hypoxia-mediated down-regulation of the RAD51 gene does not occur at the posttranslational level.
Prolonged hypoxia leads to the down-regulation of RAD51 mRNA expression. To determine if the decreases in Rad51 protein expression observed after severe hypoxia are also associated with decreased mRNA levels, Northern blot analyses were performed on total RNAs extracted from MCF-7 and A549 cells after 24-and 48-h exposures to 0.01% O 2 . RAD51 mRNA levels were substantially decreased at the 48-h time point, with H/N ratios of approximately Ϫ8 and Ϫ9 in MCF-7 and A549 cells, respectively (Fig. 3A and B, respectively) . Ratios were averaged from multiple experiments and normalized to either 28S rRNA or ␤-actin mRNA levels. Significant decreases were also observed at the 24-h time point in both cell lines. The expression of VEGF is shown, to verify the induction of physiological levels of hypoxia, and ␤-actin and 28S rRNA are presented as loading controls. Consistent with the protein expression levels, a 24-h exposure of MCF-7 cells to DFX also resulted in decreased expression of RAD51 mRNA (Fig. 3A , lane 6), and this finding was also verified by qPCR analysis (data not shown). Additionally, hypoxia-induced decreases in RAD51 mRNA expression were observed in a number of other human cell lines, including SiHa, RKO, and DU145 ( Fig. 3B ; also data not shown). These findings provide consistent evidence that hypoxia regulates the expression of the RAD51 gene at the mRNA level.
Transcriptional repression of the RAD51 gene by hypoxia. We next sought to determine the mechanism by which hypoxia down-regulates steady-state levels of RAD51 mRNA. To test a possible effect on RAD51 mRNA stability, MCF-7 cells were exposed to DFX, followed by coincubation with ActD to block transcription. Cells were then harvested at various times after the addition of ActD, and RAD51 mRNA expression was determined by Northern blotting. As shown in Fig. 3C , while a 24-h DFX exposure resulted in a twofold decrease in RAD51 mRNA expression (compare lanes 1 and 6), no significant differences in mRNA stability after ActD addition were observed between cells exposed to DFX and cells left untreated (Fig. 3D) . RAD51 mRNA half-lives were determined to be approximately 20 and 15 h in DFX-exposed and untreated cells, respectively, and these values were based on duplicate ActD experiments. In contrast, VEGF expression is substantially increased in the presence of DFX, and VEGF mRNA degrades rapidly after ActD addition, confirming both the induction of chemical hypoxia and the successful inhibition of transcription. In addition, 28S rRNA levels were unchanged and served as standards to confirm equal sample loading. These data indicate that the hypoxia-induced down-regulation of RAD51 mRNA expression cannot be accounted for by decreases in the stability of the mRNA; thus, they suggest that regulation occurs at the level of transcription.
To test whether the reduction in steady-state levels of RAD51 mRNA under hypoxia is dependent on RAD51 promoter regulation, the effect of hypoxia on RAD51 promoter activity was examined by using a promoter-luciferase reporter system. As shown in Fig. 3E , a 1.8-kb fragment from the 5Ј-flanking region of the RAD51 gene, containing the core promoter region(s) described in the Eukaryotic Promoter Database (30) and that identified by in silico analysis using the Genomatix promoter identification algorithm PromoterInspector (44), was isolated. A firefly luciferase reporter plasmid containing this fragment (pGL3-Rad51p) was transiently transfected into RKO cells 4 h prior to normoxic or hypoxic exposure (48 h), immediately followed by measurement of luciferase activity. Renilla luciferase activity from a cotransfected pRL-SV40 control vector was used for normalization. The luciferase reporter plasmid 5X-HRE, which contains five hypoxia response elements (HREs) tandemly ligated to a human cytomegalovirus minimal promoter, was used as a control to confirm physiologically relevant levels of hypoxia. As shown in Fig. 3F , exposure to hypoxia resulted in a fivefold repression of pGL3-Rad51p reporter activity. In contrast, 5X-HRE reporter activity increased approximately 50-fold, and no change in activity was observed in the promoterless control plasmid pGL3-Basic, in hypoxic cells. RKO cells were used in these studies due to the ease with which they are transfected and because of their ability to support high levels of RAD51 promoter activities. RAD51 promoter activity was also repressed by hypoxia in MCF-7 and A549 cells, with H/N ratios of Ϫ1.8-and Ϫ1.5-fold, respectively (data not shown). Taken together, these findings suggest that hypoxia down-regulates the expression of the RAD51 gene via a mechanism involving transcriptional repression.
Persistent down-regulation of Rad51 expression posthypoxia. Given the dramatic decreases that we observed in RAD51 mRNA and protein levels after 48 h of hypoxia, we sought to determine the extent to which these alterations persisted after reoxygenation. MCF-7 cells were exposed to 48 h of hypoxia, followed by a return to normoxic conditions for several days thereafter. Cell lysates were prepared at 24-h intervals throughout the time course, and Western blot analyses . VEGF expression is shown for comparison, to verify that physiologically relevant levels of hypoxia were present in the treated cells. Expression of 28S rRNA (MCF-7, SiHa, and RKO cells) and ␤-actin mRNA (A549 cells) is presented to confirm equal sample loading. (C) To assess the stability of RAD51 mRNA, MCF-7 cells were either left untreated or exposed to DFX (250 M) for 24 h, followed by coincubation with ActD (5 g/ml) to block transcription. Cells were harvested at the indicated times after the addition of ActD, and RAD51 mRNA expression was determined by Northern blotting. Expression of VEGF is shown to confirm both the induction of chemical hypoxia and successful abolition of transcription. In addition, 28S rRNA levels were unchanged and served as standards to confirm equal sample loading. (D) Analysis of RAD51 mRNA expression at each time point after ActD addition in cells exposed to DFX or left untreated, as determined by phosphorimager analysis of Northern blots. Values are the percentage of RAD51 mRNA remaining in either DFX-treated or untreated cells at each time point, and error bars are based on standard errors calculated from duplicate experiments. (E) Schematic of the 5Ј-flanking region of the RAD51 gene, with delineation of the promoter fragment used for luciferase reporter gene assays (pGL3-Rad51p). Approximate locations of the core promoter regions, as described in the Eukaryotic Promoter Database (EPD) and as identified by in silico analysis using the Genomatix promoter identification algorithm PromoterInspector, are shown for reference. Bent arrow above exon 2 indicates the ATG translation start codon. (F) To determine the effect of hypoxia on RAD51 gene promoter activity, the pGL3-Rad51p luciferase (firefly) reporter plasmid was transiently transfected into RKO cells 4 h prior to normoxic or hypoxic exposure (for 48 h), immediately followed by measurement of luciferase activity. Firefly luciferase values were normalized to Renilla luciferase activity from a cotransfected pRL-SV40 control vector, and error bars are based on standard errors calculated from duplicate experiments. The activity of the luciferase reporter plasmid 5X-HRE, which contains five HREs tandemly ligated to a human cytomegalovirus minimal promoter, is shown as a control to confirm physiologically relevant levels of hypoxia. The activity of the promoterless luciferase reporter gene construct pGL3-Basic is also shown as a control.
were performed to assess Rad51 expression levels during and after hypoxic exposure. Intriguingly, we detected the lowest levels of Rad51 protein in the period following hypoxia. As shown in Fig. 4A , Rad51 levels were lowest at 24 h after reoxygenation (referred to as the 72-h time point) (lane 4), and these levels did not return to normal, prehypoxia expression levels until after the 96-h time point (lane 6), which corresponds to 48 h posthypoxia. The HIF-1␣ protein is rapidly degraded under normoxic conditions, and thus it was not detected upon reoxygenation at any of the posthypoxia time points shown. Furthermore, we also observed a rapid decrease in Glut1 expression following reoxygenation, a response that is expected for this gene in the transition from hypoxia to normoxia. Rad51 protein expression levels at the 48-and 72-h time points were reduced approximately 6-and 12-fold, respectively, and these values were based on triplicate experiments. Reductions in Rad51 protein expression were also observed 20 h after a shorter, 24-h hypoxia exposure, although these decreases were not as pronounced (data not shown). In addition, similar trends were also observed at the protein level in A549 cells, with a slightly more rapid return of protein levels following reoxygenation (Fig. 5D) .
Northern blot analysis revealed that RAD51 mRNA levels were also maximally decreased at the 72-h time point, representing 24 h posthypoxia (Fig. 4B, lane 6) . Furthermore, mRNA and protein expression data from three independent experiments revealed that the hypoxia-induced decrease in Rad51 protein levels was consistently preceded by decreased RAD51 mRNA levels (data not shown). As expected, the expression of VEGF decreased rapidly to undetectable levels after reoxygenation and thus serves as a control for the physiological transition from hypoxia to normoxia. Taken together, these results indicate that hypoxia induces substantial decreases in RAD51 mRNA levels, which are followed by corresponding reductions in Rad51 protein levels. Importantly, these reductions are most pronounced in the posthypoxia reoxygenation phase and persist for a significant period thereafter.
Hypoxia-mediated down-regulation of the RAD51 gene is independent of the cell cycle profile. RAD51 mRNA expression levels have been shown to be highest in the S and G 2 phases of the cell cycle, and lowest during G 0 and G 1 , in mammalian cells (11) . We thus sought to determine whether the observed decreases in Rad51 expression could be accounted for by specific changes in the cell cycle profile induced by hypoxia. To this end, we used flow cytometric analyses to determine the cell cycle profiles of several of the human cell lines listed in Fig. 2C upon exposure to hypoxia. As shown in Fig. 5A , a range of cell cycle profile changes were observed under hypoxia among the four cell lines studied. We reasoned that if Rad51 expression decreases could be accounted for by increases in the proportion of cells in the G 1 phase under hypoxia, for example, then there should be direct correlations between hypoxia-induced G 1 shifts and H/N ratios of Rad51 expression in the cell lines evaluated. As shown in In order to further confirm the cell cycle independence of the down-regulation of RAD51 gene expression by hypoxia, specific populations of G 1 -and S-phase cells were isolated from both normoxic and hypoxic A549 cells, followed by analysis of RAD51 mRNA expression by semiquantitative RT-PCR. Cell cycle phase-specific cell populations were obtained by DNA staining of cells with the vital fluorochrome Hoechst 33342, followed by flow cytometric analysis and cell sorting. This technique has recently been reported to facilitate the recovery of intact mRNA from viable cells in distinct phases of the cell cycle (20) . As shown in Fig. 5C , substantial decreases in RAD51 mRNA expression were observed in both G 1 -and S-phase cells after a 48-h exposure to hypoxia (lanes 4 and 6, respectively), with H/N ratios of Ϫ3.2 and Ϫ2.7, respectively. These H/N ratios were similar in magnitude to those observed in unsorted hypoxic cells processed in parallel (Fig. 5C, lanes 1  and 2) , which displayed H/N ratios of approximately Ϫ3.4. VEGF expression is shown for comparison, to verify physiologically relevant states of hypoxia in the individual normoxic and hypoxic G 1 -and S-phase cell populations, and the expression of ␤-actin is also presented to confirm equal sample loading. These data provide direct evidence that the down-regulation of RAD51 gene expression by hypoxia occurs in both the G 1 and S phases of the cell cycle and thus cannot be attributed to changes in the cell cycle profile.
A lack of correlation between the cell cycle phase and decreased Rad51 expression was also observed during the posthypoxia reoxygenation period, based on propidium iodide (PI) analyses of DNA content and on the technique of bromodeoxyuridine (BrdU) incorporation to assess rates of S-phase proliferation. As shown in Fig. 5D , marked increases in the proportions of A549 cells in the S and G 2 /M phases were observed 24 h posthypoxia (58 and 12%, respectively), yet Rad51 levels in these cells were persistently decreased. In addition, cells were clearly entering S phase and undergoing DNA replication in the early posthypoxic period, when Rad51 expression remained at its lowest levels. For example, S-phase proliferation rates at 3 and 24 h posthypoxia were 25 and 46%, respectively (Fig. 5E) . Collectively, these data demonstrate that posthypoxic A549 cells resume S-phase replication and enter the G 2 /M phase of the cell cycle yet still show substantial decreases in Rad51 protein expression, indicating further that the down-regulation of Rad51 is not governed by the proportion of cells in G 1 or S phase and demonstrating an uncoupling between cell proliferation and DNA repair gene expression. Taken together, these findings provide strong evidence that decreased RAD51 gene expression is more hypoxia specific than cell cycle phase dependent.
Reduced expression of Rad51 is not associated with HIF expression. The HIF family of proteins has been shown to regulate the expression of numerous genes that play roles in angiogenesis, glycolysis, invasion, and metastasis in response to hypoxia (17) . It has also been demonstrated recently that HIF-1␣ can induce the expression of transcriptional repressors such as DEC1, a gene revealed by our microarray analysis to be induced by hypoxia (Fig. 1B) . Hence, we tested whether the observed decreases in RAD51 expression induced by hypoxia might be mediated by HIF-1␣ or HIF-2␣. HIF proteins are highly unstable under normal oxygen tensions, because both HIF-1␣ and HIF-2␣ are ubiquitinated through the interaction with the von Hippel-Lindau tumor suppressor protein (pVHL) and subsequently degraded by the 26S proteasome under normoxic conditions (19) . The pVHL-deficient cell line 786-0 specifically overexpresses HIF-2␣ and consequently overexpresses HIF-2␣ downstream target genes, including Glut1 and VEGF (24) . Expression of the VHL cDNA in these cells restores the normoxic regulation of HIF-2␣. We thus examined the expression of Rad51 protein in 786-0 cells complemented either with the VHL cDNA or with an empty vector. As shown in Fig. 6A , the expression of Rad51 was not affected by VHL status or HIF-2␣ expression. The expression of VHL and Glut-1 proteins are shown to confirm VHL status and a constitutively hypoxic phenotype, respectively, in these two cell lines. Northern blotting also revealed no differences in steady-state RAD51 mRNA levels between the VHL mutant and wild-type cells (data not shown). Interestingly, exposure of 786-0 cells expressing either wild-type or mutant VHL to hypoxia resulted in similar decreases in Rad51 expression (Fig. 6B ). Taken together, these data suggest that the hypoxia-mediated downregulation of Rad51 expression occurs independently of HIF-2␣. It also suggests that the down-regulation does not require the expression of HIF-1␣, since 786-0 cells lack HIF-1␣ expression (19) . As an alternative approach to assessing the role of HIF-1␣ in the regulation of Rad51 expression by hypoxia, we transiently overexpressed a full-length HIF-1␣ cDNA in normoxic HeLa cells. Figure 6C demonstrates that exogenous overexpression of HIF-1␣ was not associated with decreased expression of Rad51. Collectively, these data suggest that hypoxia-induced decreases in RAD51 gene expression are not mediated by HIF-dependent pathways. Decreased HR in hypoxic and posthypoxic cells. We next sought to determine whether hypoxia-induced reductions in Rad51 protein expression were associated with functional decreases in HR. We utilized a shuttle vector recombination assay involving the transient transfection of a plasmid containing a mutated reporter gene along with a wild-type donor fragment into MCF-7 cells exposed to normoxia or hypoxia in order to assess frequencies of HR. Plasmid pSupFG1/G144C, containing a mutated version of the supFG1 amber suppressor tRNA gene, supFG1-144, was used as the recombination substrate. A homologous fragment containing the wild-type supFG1 gene was used as a donor for recombination. The function of the supFG1 gene can be assayed by recovery of the episomal shuttle vector plasmid from the MCF-7 cells, with subsequent transformation into indicator bacteria carrying an amber stop codon in the lacZ gene. In this manner, supFG1-144 reports recombination events that cause the gene to revert to the functional sequence as detected in a blue/white colony screen (5) . A schematic of this reporter system is presented in Fig. 7A for reference. Important features of this assay are the facts that vector replication and recombination are independent of the cell cycle and that previous studies in our lab have provided evidence that recombination events in this assay are dependent on Rad51 (8) .
As shown in Fig. 7B , cotransfection of the shuttle vector and wild-type fragment into MCF-7 cells immediately prior to hypoxic exposure (for 48 h), followed by plasmid recovery 24 h posthypoxia, revealed a ϳ3-fold decrease in recombination frequency in hypoxic cells relative to that observed in MCF-7 cells incubated under normoxia for the same total time. Intriguingly, we observed the most substantial decreases in HR frequencies when the cells were transfected during the posthypoxic period. Figure 7C shows that transfection of the shuttle vector and donor fragment into MCF-7 cells immediately following the hypoxic (48-h) period resulted in an almost fivefold decrease in HR, again relative to the frequency observed in cells maintained under normoxic conditions throughout. Thus, the observed decreases in HR parallel the changes in expression of Rad51 protein in hypoxia and posthypoxia. Taken together, these data provide evidence that the decreased expression of Rad51 caused by hypoxia is associated with a substantial and prolonged reduction in the capacity of cells to carry out HR both during and after hypoxia, for as long as 48 h following hypoxic exposure.
Inverse association between hypoxia and Rad51 expression in cervical and prostate cancer xenografts. We next sought to determine whether hypoxia-induced decreases in Rad51 expression could be detected in vivo in the tumor microenvironment. To this end, human prostate and cervical cancer xenografts in mice were generated from the PC3, Me180, and SiHa6 cell lines. These cell lines had all exhibited hypoxiainduced decreases in Rad51 expression in culture ( Fig. 2C and  3B ; also data not shown). Histological sections from the re- The binding of EF5 to cellular macromolecules occurs as a result of hypoxia-dependent bioreduction by cellular nitroreductases and thus can be used to detect hypoxia in solid tumors (10) . As shown in Fig. 8 , we detected an inverse association between Rad51 protein expression and EF5 staining in xenografts from all three cell lines. All tumors were found to contain hypoxic areas, as measured by an Eppendorf pO 2 probe prior to removal for immunostaining (data not shown) (9) . This inverse association is particularly striking along the upper border of the section from a Me180 cervical xenograft shown in Fig. 8A , in which Rad51 expression is substantially decreased within a region of strong EF5 staining. In the merged image, the overlay of Rad51 expression and EF5 binding reveals minimal overlap in the majority of the section (Fig. 8A) . Figure 8B and C also demonstrate consistent inverse associations between Rad51 expression and EF5 staining in PC3 and SiHa6 xenografts, respectively. Collectively, these findings demonstrate that hypoxia within the tumor microenvironment is associated with decreased Rad51 expression; thus, they extend our in vitro observations to the in vivo situation in tumors.
DISCUSSION
In the present study, we have demonstrated that hypoxia specifically down-regulates the expression of RAD51, a critical mediator of HR, both in vitro in cell culture and in vivo within the tumor microenvironment. Substantial decreases in Rad51 expression both during and after hypoxic exposure were observed in a wide range of cell types, and the mechanism of regulation appears to be independent of cell cycle profile and HIF expression. Analyses of protein stability, mRNA stability, and promoter activity indicate that hypoxia regulates RAD51 gene expression via a mechanism involving transcriptional repression. We detected decreased HR in cells both during and after hypoxic stress, demonstrating that the down-regulation of Rad51 expression by hypoxia has functional consequences for DNA repair. These findings were extended to the tumor microenvironment; we detected decreased expression of Rad51 in hypoxic regions of cervical and prostate tumor xenografts. Taken together, we propose a novel mechanism of genetic instability in the tumor microenvironment mediated by hypoxia-induced suppression of the HR pathway. In a recent review regarding genetic instability and tumorigenesis, Loeb and colleagues proposed a paradigm shift in the way in which DNA repair pathways are thought to be regulated in mammalian cells (23) . In the traditional view, it was thought that DNA repair genes were expressed constitutively in cells, such that they may be readily available as new DNA damage lesions arise from exogenous insults or endogenous processes such as replication errors or oxidative metabolism. Inactivation of these pathways in cancer was thought to occur primarily through genetic mutation or silencing by promoter methylation, thus resulting in an irreversible mutator phenotype. Recent studies, however, have supported the concept that genetic instability can arise from dysregulation, rather than complete inactivation, of DNA repair pathways (13) . Our results are in accord with such a paradigm shift, as we detected substantial but reversible hypoxia-induced decreases in Rad51 expression that were associated with significant functional consequences with respect to recombinational repair.
The HR pathway in the maintenance of genetic stability. Despite extensive studies, there have been few reports describing mutations in the RAD51 gene in human tumors (18) . However, it was recently shown that overexpression of a dominant-negative form of the RAD51 gene (dnRAD51), but not a wild-type form, was associated with increased tumorigenicity in Chinese hamster ovary (CHO) cells (1) , suggesting that RAD51 indeed acts as a tumor suppressor. Furthermore, recent studies have suggested that BRCA1, a well-documented tumor suppressor (41) , may function specifically to promote high-fidelity HR while simultaneously suppressing the errorprone, nonhomologous end-joining (NHEJ) pathway (49) . Along these lines, several reports have demonstrated up-regulated NHEJ repair activity in the context of impaired HR, and vice versa (39) . Thus, the BRCA1-RAD51 pathway likely represents an axis of tumor suppression, in which genome integrity is maintained by high-fidelity HR-mediated repair. As proposed for the case of inherited BRCA1 deficency, hypoxiainduced acquired decreases in RAD51 expression, and consequently diminished HR frequencies, thus may lead to genetic instability by shifting the balance between HR and NHEJ. We are currently investigating this possibility in further detail.
Hypoxia, DNA damage, and genetic instability. As discussed earlier, hypoxia is associated with a diverse spectrum of DNA damage and genetic aberrations. In particular, hypoxia-reoxygenation cycles are associated with oxidative stress and the production of reactive oxygen species, which are thought to induce high levels of both single-strand breaks and doublestrand breaks. Studies have demonstrated that reoxygenation after a brief period of hypoxia can induce a high level of DNA damage (in the form of double-strand breaks) comparable to that observed after exposure to 4 to 5 Gy of ionizing radiation (IR) (15) . In spite of this potentially large number of DNA strand breaks following hypoxic exposure, it is striking that we observed such profound decreases in Rad51 expression in the same time period, as Rad51 is a central protein in the pathway responsible for the error-free repair of such DNA lesions. In addition, studies have demonstrated that Rad51 is required for normal S-phase progression in mammalian cells, because of the role of Rad51 in resolving stalled and collapsed replication forks (36) . Thus, the finding that posthypoxic cells resume DNA replication in the setting of decreased Rad51 expression suggests that hypoxia-induced down-regulation of Rad51 may have a major impact on genome integrity in the tumor microenvironment. This uncoupling of proliferation and Rad51 expression may be particularly important in regions of tumors undergoing fluctuating perfusion and consequently repeated cycles of hypoxia followed by reoxygenation. Hypoxia itself has been shown to induce an S-phase arrest which is reversible upon reoxygenation and may be associated with stalled replication forks (14, 16) . In this situation, hypoxia-induced reductions in Rad51 expression would again have a major impact on the ability of tumor cells to maintain genomic integrity.
Regulation of DNA repair gene expression. Microarray data from this study have provided further evidence that the downregulation of specific genes by hypoxia is as important as upregulation in accurately characterizing gene expression profiles associated with hypoxia. The data presented here demonstrate that the hypoxia-induced decreases in Rad51 expression occur through a HIF-independent pathway involving transcriptional repression of the RAD51 promoter. Initial analyses of promoters from genes involved in the HR pathway have revealed a complex picture of regulatory elements, and many of these elements appear to be conserved in mice and humans (18) . Interestingly, the RAD51 transcript contains an untranslated first exon (Fig. 3E) , suggestive of gene regulation at the mRNA level. While the 5Ј regulatory region of the RAD51 gene contains a CpG-rich region and lacks a TATA box (a typical arrangement found in many housekeeping genes), recent analyses have demonstrated numerous potential regulatory elements in the core promoter region of this gene (18) . In one study by Levy-Lahad et al., a single-nucleotide polymorphism at nucleotide 135 of the untranslated first exon of the RAD51 gene was associated with increased breast cancer risk in BRCA2 mutation carriers (21) . These analyses strongly suggest that the expression of RAD51 may be regulated by specific promoter elements in response to various stimuli, and they represent potential sites of dysregulation in the context of tumorigenesis and the tumor microenvironment.
Implications for cancer therapy. It has been established that hypoxic cells are more resistant to IR than their well-oxygenated counterparts due to decreased potentiation of free radical damage mediated by oxygen, and numerous studies have quantitatively associated tumor oxygenation with response to radiotherapy (32) . Interestingly, however, it has also been reported that cells irradiated under normoxic conditions in the period immediately following hypoxia are actually more radiosensitive than cells irradiated without such hypoxic pretreatment (50) . At the time, the underlying mechanism for this sensitivity was not clear. This phenomenon was observed in numerous cell lines, including two used in the present study, HeLa and A431 cells. Interestingly, cells with inactivated HR components ex-hibit hypersensitivity to DNA-damaging agents, including IR (38) . Specifically, several studies have demonstrated an association between down-regulation of Rad51 expression and increased radiosensitivity in a number of cell types (28) . We propose that the persistent posthypoxic decreases in Rad51 expression reported here may partially account for the phenomenon of posthypoxia-associated radiosensitivity. These findings suggest that gene expression changes that persist in the posthypoxic period may significantly impact the response of cancer cells to therapy. Daily fractionated radiotherapy is thought to preferentially kill oxygenated cells and promote the reoxygenation of previously hypoxic cells. Hence, the extra sensitivity of immediately posthypoxic, reoxygenated cells (perhaps due to the dynamics of RAD51 expression and dysregulation of other DNA repair genes) may provide insight into the basis for the efficacy of fractionated radiotherapy.
Substantial evidence now exists implicating tumor hypoxia in the development of aggressive tumor phenotypes. Recent studies have further clarified this association, leading to the finding that hypoxia up-regulates numerous genes involved in invasion and metastasis (37) . We and others have demonstrated that the tumor microenvironment contributes to genetic instability and tumor progression, and the data presented in this study provide a mechanistic basis for this phenomenon. Furthermore, Rad51 dysregulation may also create heterogeneity in the DNA damage response among cells within tumors, with implications for the response to cancer therapies.
